Energy-dependent photoemission was measured to investigate the validity of the analysis of line shape in determining the absolute coverage of atomically flat, metallic thin films. The surface states of two Ag/Au(1 1 1) thin films with carefully controlled coverage of Ag were measured and analysed. Our results confirm that line-shape analysis is a valid procedure; the absolute error associated with this technique is within 0.1 ML, which makes the technique advantageous over other techniques to determine the film coverage. The experimental procedure in our work provides a routine to determine an appropriate photon energy for use in line-shape analysis. Our results indicate that the widely accessible He Iα line is a suitable excitation source to utilize line-shape analysis for confined states in a Ag film.
Introduction
The properties of a device are closely related to its electronic structure. At the nanometre or sub-nanometre scale, the electronic structure of a device can become strongly modulated through the electronic confinement from its boundary, and it is possible to modify the behaviour of a nanodevice by varying its dimensions on an atomic scale. For the proper study and manipulation of the behaviour of a nanodevice, it is crucial to determine its dimensions with atomic resolution. Cheng et al [1] suggested a possibility to precisely determine the absolute coverage of an atomically flat, metallic thin film with line-shape analysis to retrieve the intensity information about features in a single photoemission spectrum. For this technique to work, photoemission cross sections for signals corresponding to adjacent thicknesses are assumed to be similar, and the intensities of the signals are directly proportional to the domain area of their corresponding film thicknesses. This assumption disagrees with previous authors who reported the variation of photoemission cross sections with photon energy in many systems, such as surface states 3 Author to whom any correspondence should be addressed.
on Cu(1 1 1) [2] and Ag(1 1 1) [3] and confined states in Ag/Fe(1 0 0) [4, 5] , Ag/Ni(1 1 1) [4, 6] , Na/Cu(1 1 1) [7] , Cu/Co(1 0 0) [8] , etc.
To address such a prospective inconsistency, Cheng et al argued that an assumption of the same cross section was justified not only because the photon energy in use was far from the resonant photon energy but also because of a small difference in binding energies of the signals corresponding to two adjacent thicknesses. The arguments seem, nevertheless, incompletely persuasive because only a fixed photon energy was available and no measurement of the dependence on photon energy was presented.
In this work, by measuring the dependence of photoemission on photon energy we assessed the validity of, and the error in, the line-shape analysis resulting from fluctuation of cross sections. Atomically flat Ag/Au(1 1 1) films were grown with the Ag coverage carefully controlled. The layer-resolved surface state was measured with varied photon energies, and line-shape analysis was performed to determine the absolute Ag coverage. Our result validates the line-shape analysis and determines that the absolute error associated with the technique is within 0.1 ML (monolayers) when appropriate experimental conditions are chosen. Our experimental procedure serves as a routine to determine an appropriate photon energy to utilize for line-shape analysis.
Experiments
The experiments were performed at the National Synchrotron Radiation Research Center (end station installed on Beamline 21B1) in Hsinchu, Taiwan. The base pressure of the vacuum system was less than 1 × 10 −10 Torr. Photoemission spectra were recorded at a sample temperature below 50 K with an electron-energy analyser having angular resolution 0.125
• . Photons of energy 15-32 eV were used to measure photoemission; the resolution of the experimental setup was better than 10 meV in kinetic energy and 0.01 Å −1 in wave vector in the in-plane direction of the surface. All spectra are shifted to have zero binding energy at the Fermi level. A Au(1 1 1) surface was cleaned with cycles of Ar ion sputtering and annealing. Silver films were grown with a two-step method, which has produced atomically flat metallic thin films in previous work [1, 4, 5] . Silver was evaporated from a water-cooled Knudsen cell onto a clean Au(1 1 1) surface or an atomically flat Ag/Au(1 1 1) film, the temperature of which was maintained below 50 K. The rate of deposition was ∼0.4 ML per minute; 1 ML denotes one atomic layer of Ag on Ag(1 1 1), ∼1.39 × 10 15 atoms cm −2 . The rate of deposition was calibrated by the layer-resolved surface state and verified with a quartz crystal microbalance. The deposited Ag films were disordered because of the low temperature of the substrate, but became crystalline on annealing near room temperature [1, 9] .
For energy-dependent measurements, two atomically flat Ag/Au(1 1 1) films were grown. The first film was grown on depositing Ag (∼1.25 ML) on clean Au(1 1 1), and photoemission spectra were measured with photons of energy 17-23 eV. Subsequently, with the same recipe of deposition, the same amount of Ag was deposited onto ∼1.25 ML Ag/Au(1 1 1) to construct an atomically flat Ag film ∼2.5 ML on Au (1 1 1), and photoemission spectra were measured with photons of energy 15-32 eV. Conditions of deposition, such as the duration and the operating parameters of the Knudsen cell, were controlled with special care to ensure that the same amount of Ag was deposited during each deposition, and, therefore, that the cumulative Ag coverage of the second sample was exactly twice that of the first sample. Figure 1 shows the energy distribution curves of normal emission measured with photons of energy 19 eV. The lower and the upper spectra were measured on the first (1.25 ML) and second samples (2.5 ML), respectively. Two peaks are readily identified in each spectrum. For comparison with the binding energies reported previously [1, [10] [11] [12] , the peaks in the lower spectrum are assigned to the 1 ML and the 2 ML peaks, and the peaks in the upper spectrum are assigned to the 2 ML and the 3 ML peaks; the n ML peak denotes the signal coming from the surface covered by Ag to the extent of n ML. Each peak was fitted to a Voigt line shape, and the total area under the line is assigned to the peak intensity; the result is plotted in the figure. The 1 ML, the 2 ML and the 3 ML peaks are plotted as the red short-dashed, the green long-dashed, and the blue solid lines, respectively. The fact that each spectrum is fitted to two signals indicates satisfactorily that the fluctuation in the film thickness is no more than one ML, and that the films are atomically flat. After the intensities were derived from the fitting, the absolute Ag coverages of the samples were calculated as follows [1] . For an atomically flat Ag film of which the absolute coverage was between n and n + 1 ML, the intensity ratio, x n , is defined as x n = I n /I n+1 ; I n is the intensity of the n ML peak. The absolute Ag coverage, , was calculated from the intensity ratio with = n + 1/(1 + x n ). The results for the first and the second samples are 1.24 ML and 2.48 ML, respectively. Agreement is satisfactory that the Ag coverage on the second sample is twice that of the first sample.
Results and discussion
The result from analysis of spectra in figure 1 demonstrates that the line-shape analysis in determining the coverage of Ag films works satisfactorily with photons of energy 19 eV, but the photoemission intensity of confined states in metallic thin films is known to be modulated with photon energy [4] [5] [6] [7] [8] ; then one must query whether the line-shape analysis works with varied photon energy. To explore this issue, we measured photoemission spectra on the two atomically flat Ag/Au(1 1 1) films with varied photon energy. of the energy distribution curves of normal emission from the second sample measured at photon energies labelled on the left side of the spectra. At first glance, all spectra appear to comprise two resolved peaks and resemble the upper spectrum in figure 1. Careful inspection reveals that the intensity ratio between the two signals shows an oscillatory behaviour; this results from the intensity modulation with photon energy and has been reported on other systems with Ag thin films [4] [5] [6] . A similar oscillatory behaviour of the intensity ratio was observed on the first sample.
To investigate how this oscillatory behaviour of the intensity ratio contributes to error in the determined film coverage, we performed line-shape analysis on the spectra from energy-dependent measurements; the result is plotted in figure 3 . Figure 3(a) shows the intensity ratio between the 2 ML and the 3 ML peaks in spectra measured on the second sample, plotted as a function of photon energy. The absolute Ag coverage was calculated from the intensity ratio and is plotted as open circles in figure 3(b) . The result shows that the intensity ratio oscillates between 0.75 and 1.10, and the absolute Ag coverage varies between 2.47 and 2.57 ML. The same analysis was performed on spectra measured for the first sample. According to our analysis, the intensity ratio fluctuates figure 3(b) . The result is consistent with the Ag coverage on the second sample being twice that of the first sample.
The result from energy-dependent measurements shows that the variation in the measured Ag coverage with photon energy over a range 15-32 eV is about 0.1 ML. It supports well the assumption in the line-shape analysis that the photoemission cross sections are similar for the surface states corresponding to two adjacent thicknesses, but, as mentioned previously, it seems inconsistent with the photoemission intensity of the confined states in a Ag film being modulated with photon energy [4, 5] . Along similar lines of argument presented by Cheng et al [1] , we contend that there is no contradiction. For confined states in Ag film, previous authors indicated that the resonant photon energy ranges from 12 to 16 eV, depending on the binding energies of the confined states [4, 5] . To be more specific, when the binding energy of the confined states is less than 0.5 eV (near the Fermi level), the resonant photon energy is about 12 eV. With increasing binding energy of the confined states, the resonant photon energy increases accordingly. When the photon energy moves away from the resonant value, the amplitude of modulation in the cross sections is rapidly diminished. In our work, the binding energy of the surface state on an Ag/Au(1 1 1) thin film is less than 0.35 eV, and the photon energy is more than 15 eV. Strong modulation of the photoemission intensity of the surface state is thus unexpected, and likewise the intensity ratio between the two peaks in the spectrum. In addition, the modulation of the intensity ratio is greatly decreased because of the small difference of binding energy of surface states corresponding to adjacent thicknesses. For the surface states of Ag/Au (1 1 1) , the differences in binding energy between the 1 ML and 2 ML peaks and between the 2 ML and 3 ML peaks are only about 80 meV and 65 meV, respectively. With these small differences of binding energy, the error of the lineshape analysis resulting from assuming the same cross sections for surface states corresponding to adjacent thicknesses is minimal.
The results from our measurements show that the intensity ratio of the surface states corresponding to two adjacent thicknesses oscillates with photon energy, and that this oscillatory behaviour contributes to error in the lineshape analysis. As a general rule, to diminish the error caused by strongly modulated cross sections, the line-shape analysis should be performed with a photon energy remote from resonant values.
In our work, energy-dependent photoemission measurements were performed on two samples with carefully controlled film coverage. In addition to validating the line-shape analysis, the experimental procedure serves to determine an appropriate photon energy to utilize line-shape analysis.
Working with synchrotron radiation seldom involves an issue of employing an appropriate photon energy for experiments, but it is a great challenge in laboratories with limited choices of photon sources. Our work demonstrates that a photon energy in the range 15-32 eV is suitable for line-shape analysis on the confined states near the Fermi level in a Ag film. This situation is welcomed because this range of photon energy includes the He Iα line (21.218 eV), which is probably the most widely available photon source for photoemission measurements other than from synchrotrons.
The error in the line-shape analysis for an absolute film coverage arises mainly from two sources-the modulation of energy-dependent photoemission intensity and the statistical error in the spectrum devolution; neither source depends strongly on the film coverage. For this reason, the error in the line-shape analysis is absolute. Compared with other techniques to determine thickness with a relative error, such as with a quartz crystal microbalance, line-shape analysis possesses great advantages, especially for a higher film coverage. For instance, for a film of thickness 2.5 ML, a quartz crystal microbalance with relative error 10% might produce an error 0.25 ML, whereas line-shape analysis yields an absolute error within 0.1 ML.
Conclusion
We measured the photon energy dependence of the surface states of Ag/Au(1 1 1) and confirmed the validity of lineshape analysis in determining the absolute film coverage. Our results show that the intensity ratio between two surface states corresponding to adjacent film thicknesses fluctuates with photon energy, but the line-shape analysis is valid with an absolute error in the measured absolute coverage within 0.1 ML for a Ag film on Au (1 1 1) when the photon energy is appropriately chosen. The experimental procedure employed in our work not only validates line-shape analysis but also serves as a routine to determine an appropriate photon energy for line-shape analysis. Our work indicates that the photon energy of the He Iα line is remote from the resonant photon energy for the confined states in a Ag film, and is suitable for determining the absolute coverage of a Ag film. Line-shape analysis with absolute error possesses great advantages over other techniques with relative error, especially for a higher film coverage.
